For comparative studies we have used the somatic cell hybridization approach to regionally map genes on the mouse X chromosome. Fibroblasts from a mouse with the balanced reciprocal translocation T(XD;16B5)16H were fused with a Chinese hamster cell line (V79/380-6) deficient in activity of the enzyme hypoxanthine phosphoribosyltransferase (HPBRTT Interspecific ceI hybrids were initially selected for retention of the mouse translocation chromosome carrying the Hprt gene. Subsequently, hybrid clones were counterselected to force segregation of this chromosome. Selected and counterselected hybrid clones were analyzed for their chromosome content by tsin/Giemsa banding and for expression of the mouse forms of the X-linked enzymes HPRT and a-galactosidase (GALA) by isoelectric focusing. The results indicate that the breakpoint on the mouse X chromosome (in band XD) has separated thegenes for HPRT (Hprt) and for GALA (Ags). fHprt is proximal to the breakpoint in region Xcen-XD and Ags is distal in region XD-Xter. The gene order in the mouse (centromere-Hprt-Ags) is therefore inverted when compared to the order of the homologous loci on the long arm of the human X (centromere-GALA-HPRT.
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Studies in comparative mammalian cytogenetics have demonstrated great variability in karyotypes. Diploid chromosome numbers range from 6 to 84, and for distantly related mammalian species there are striking differences in chromosome morphology and banding patterns (1) . An exception is provided by the X chromosome, which has been largely conserved (2, 3) . The establishment of a dosage compensation mechanism in a mammalian ancestor that assures hemizygous expression of X chromosomal genes in somatic cells may have placed restrictions on further rearrangements between the X chromosome and autosomes during evolution (4) . The X chromosome, carrying a large number of gene loci not involved in sex determination, was thus conserved in its entirety (Ohno's hypothesis). Evidence in support of the hypothesis has come from the cytological observation that in mammalian species the X chromosome uniformly makes up 5-6% of the haploid set (3) . Strongest support has been provided by comparative gene mapping studies. The homologous enzyme loci discussed in this report have been assigned to the X chromosome in as many as 15 mammalian species (5) . No gene that is X-linked in one species has been found to be autosomal in another. For the comparative study of karyotype evolution in distantly related species, such as humans and mice, the X syntenic group offers a distinctive advantage in that homologous genes have been conserved on a single chromosome. Morphologic and genetic evolutionary changes should be limited to intrachromosomal rearrangements. It is of interest to know to what degree the gene order and relative distances between loci have been conserved. One would expect that X-chromosomal loci are not arranged randomly but that a certain gene order might be advantageous, or even essential. On This report concentrates on enzyme loci that are expressed in cultured cells, for which homology in mice and humans has been established, and whose assignments to the mouse X chromosome have been made or confirmed by somatic cell genetic studies: a-D-galactosidase (GALA, gene GALA or Ags) (6, 7) hypoxanthine phosphoribosyltransferase (HPRT, gene HPRT or Hprt) (7) (8) (9) , and phosphoglycerate kinase 1 (PGK-1, gene Pgk-1) (8, 10) .
Limited information is available on regional mapping and order of X-linked genes. In Mus musculus the structural loci for PGK-1 (Pgk-1) and GALA (Ags) have been mapped by genetic studies using an electrophoretic variant of PGK-1 (11) and a thermolabile variant of GALA (12) . The resulting gene order is cen (centromere)-Pgk-l-Ags. The genes for HPRT (Hprt) and glucose-6-phosphate dehydrogenase (G6PD, gene C6pd) have been assigned to the mouse X chromosome by gene dosage studies in embryos (13, 14) , and the assignments have been confirmed by somatic cell genetic studies, including somatic cell hybridization (7) (8) (9) . Because no variants for HPRT and G6PD have as yet been found in M. musculus, the map positions of these loci are unknown. Gene assignments to cytologically defined regions of the mouse X chromosome have not yet been reported.
In humans, however, regional localizations of the four enzyme loci on the long arm of the X chromosome have been established by somatic cell genetic experiments. The order is cen-PGK-GALA-HPRT-G6PD. HPRT and G6PD are both located in the most distal band, Xq28 (15) . The successful approach for mapping of the human X has been the introduction of X/autosome translocations into somatic cell hybrids segregating human chromosomes.
Following that same strategy for regional mapping of loci on the mouse X chromosome, we have used the reciprocal X/autosome translocation T(X;16)16H known as Searle's translocation. Previous meiotic studies had demonstrated that this translocation involves a reciprocal exchange between the distal half of a small autosome and the distal third of the X chromosome (16) . Genetic studies placed the T16H breakpoint between the genes Bn (bent tail) and Ta (tabby) on the X chromosome (17) . Quinacrine mustard banding studies idenAbbreviations: HPRT 3596 Genetics: Francke and Taggart tified chromosome 16 as the autosome involved (18) . We have restudied the translocation with trypsin/Giemsa banding and have defined breakpoints in bands 16B5 and XD (19) . Somatic cell hybrids between an established Chinese hamster cell line and diploid mouse cells segregate mouse chromosomes and are useful for gene assignments in the mouse (6, 7). We have hybridized fibroblasts containing the T16H translocation to an HPRT-deficient Chinese hamster cell line. Growth of hybrid cells in the appropriate selective media will force retention or segregation of the part of the mouse X chromosome that carries the gene for HPRT. We have previously reported our results based on cell selection that have placed Hprt on X16 (containing region Xcen-XD) and the assignment of the gene for cytoplasmic superoxide dismutase (SOD, gene Sod-i) to the distal part of chromosome 16 (region 16B5-16ter contained in chromosome X16) (19) . We have now studied the expression of mouse GALA and HPRT activity in hybrid clones that contain defined regions of the mouse X and that are therefore informative for regional mapping. GALA expression did not segregate concordantly with Hprt, indicating that the translocation breakpoint in band XD has separated these two loci. The resulting gene order cen-Hprt-Ags differs from the order in humans and suggests the occurrence of intrachromosomal rearrangements, possibly a pericentric inversion or a shift of the centromere. However, when all currently available data are taken together, the gene order on the mouse X is cen-HprtPgk-1-Ags, whereas on the human X long arm it is cen-PGK-GALA-HPRT. Comparison of the gene order in the two species suggests that the evolutionary rearrangements have been more complex than a single inversion.
MATERIALS AND METHODS
Cell Hybrids. Somatic cell hybrids were produced by Sendai virus-mediated fusion of primary fibroblasts from an adult male mouse with Searle's T(X;16)16H translocation to an established Chinese hamster cell line (V79, clone 380 deficient in HPRT activity) (19) . Cell hybrid clones were selected and maintained in medium containing hypoxanthine, aminopterin, thymidine, and glycine (HAT) (20) . In the T16H reciprocal translocation the distal third of the X chromosome has been exchanged with the distal half of chromosome 16; therefore, continuous growth of hybrids in HAT medium will select for retention of either X16 or 16X, depending on the location of the mouse HPRT gene. In contrast, hybrids able to grow in the presence of the guanine analog 8-azaguanine (8-AG) must have lost HPRT activity, presumably due to segregation of the HPRT-bearing translocation chromosome. Five primary independent hybrid clones containing both translocation chromosomes while in HAT medium were plated at low density in nonselective medium. Subsequently, 15 secondary clones were isolated in medium containing 20 ,uM 8-AG. They are referred to as 8-AG-resistant (8-AGR) clones (19) .
Electrophoresis. The procedure for obtaining cell extracts has been described (19) . GALA, HPRT, and SOD isozymes were separated by isoelectric focusing in horizontal sheet polyacrylamide gels. The 1.5 mm X 18 cm X 18 cm gels contained 4.8% acrylamide, 0.2% N,N'-methylenebisacrylamide, 20% (vol/vol) glycerol, and a specific ampholyte mixture for each enzyme. The GALA gel contained 0.8% pH 4-6.5 and 1.2% pH 2.5-5.0 ampholytes (Pharmacia). A pH 4-6.5 ampholyte solution (2.0%) was used for the cathode and 1.0 M H3P04 was used for the anode. The HPRT gel contained 2.0% pH 5-8 ampholytes. The SOD gel contained 0.8% pH 3-10 and 1.2% pH 5-8 ampholytes. The cathode solution for the HPRT and SOD focusing gels was 1.0 M NaOH. The anode solution was 1.0 M HSP04 for SOD and 0.02 M glutamic acid for HRPT.
The method of electrofocusing, including the conditions of prefocusing and sample application and the detection of SOD isozymes, was as described (19) .
GALA activity was detected after an initial equilibration of the gel in 0.1 M citric acid/phosphate buffer (pH 4.0, 10 min) followed by incubation at 37°C with filter paper saturated in 0.1 M citric acid/phosphate containing 4-methylumbelliferyl-a-D-galactoside (Sigma) at 1 mg/ml. Areas of GALA activity were fluorescent under long-wave UV illumination and were intensified by exposure to alkaline pH (21) .
HRPT activity was detected by equilibratioh of the gel in 0. (21) . The gel was rinsed twice in distilled H20 and dried onto filter paper with a gel dryer (Bio-Rad). The areas containing HPRT activity were visualized by exposure of the gel to Kodak NS-2T X-ray film for 24 hr. M. musculus and Chinese hamster (cell line 380) isozymes of PGK and G6PD were not separable by isoelectric focusing.
Chromosome analysis. The chromosome constitution of the hybrid clones used for this study was determined on different occasions, at the same passage or a closely related passage to the ones at which enzyme studies were carried out. Cells were harvested for chromosome analysis as described (7) . The trypsin/Giemsa banding procedure was the same as reported for human chromosomes (22) . The mouse centromeric heterochromatin stains vary darkly with this technique, allowing easy identification of mouse chromosomes and eliminating the need for routine staining with Hoechst 33258.
The frequency of each mouse chromosome was determined by karyotyping 10-31 metaphase spreads from each clone, and is expressed as the average number of the respective chromosome per metaphase cell.
RESULTS
All hybrid clones selected in HAT medium had retained both T16H translocation chromosomes X16 and 16X and, therefore, were not informative for regional mapping of X-linked genes (Fig. 1) . In contrast, all the back-selected 8-AGR subclones had lost X16, while the reciprocal translocation product 16X was retained in several 8-AGR subclones at frequencies ranging from 0.13 to 1.1 (Fig. 2) .
GALA activity occurs in electropherograms of cell extracts as multiple bands, presumably due to posttranslational modifications (21). In our isoelectric focusing system, Chinese hamster (cell line 380) activity migrated more anodally (Fig.   3 Upper, lane 1) than mouse (BALB/3T3) activity which covered a wide range (lane 2). Mouse (T16H)-Chinese hamster (380) hybrid clones expressing mouse GALA (lane 3) could easily be distinguished from those lacking mouse GALA activity (lane 4).
Mouse and Chinese hamster (V79) HPRT, were detected on autoradiograms after isoelectric focusing as partially overlapping but distinctly different sets of bands (Fig. 3 Lower). The parental Chinese hamster line 380 contained no HPRT activity. All hybrid clones grown in HAT medium produced the mouse pattern of HPRT activity, whereas all 8-AGR subclones lacked HPRT activity. Table 1 shows the relative frequencies of X16 and 16X compared to the expression of mouse HPRT, GALA, and SOD-1 activities [the latter being a marker for X16 (19) ] in a series of hybrid clones. While the primary HAT clones containing both translocation products were positive for the three mouse isozymes, in all 8-AGR subclones the X16 chromosome had been lost concordantly with HPRT activity (and with mouse SOD-I expression in clones without the normal chromosome 16). However, mouse GALA activity segregated concordantly with the other translocation product 16X. A single exception was clone 4A1-2a-AGR, which was GALA positive but did not contain 16X. A new rearranged chromosome was discovered of size and banding pattern consistent with its derivation from 16X. This rearrangement was not present in the GALA-negative sister clone 4A1-2c-AGR. Clone 22A2 HAT is an example for the limits of detection of activity; weak staining of the mouse GALA bands is correlated with a low frequency (0.13) of the 16X chromosome. These results allow the conclusion that the break in the mouse X chromosome leading to the T16H translocation has separated the genes for HPRT 16ter, Hprt to Xcen-XD, and Ags to XD-Xter. The significance of localizing Sod-i as a possible marker for the genes causing Down syndrome in humans has been discussed elsewhere (19) .
The present report focuses on the order of loci on the mouse X chromosome. The location of Hprt on X16 had been inferred from the observation that X16 was not present in 8-AGR subclones. We have demonstrated here that 8-AGR clones that retained the other translocation chromosome 16X were indeed lacking HPRT activity. Such clones, however, did express mouse GALA activity. The resulting localization of Ags to region XD-Xter (23) is consistent with our earlier observation of a Chinese hamster-mouse hybrid clone that expressed mouse HPRT but not GALA and that contained an abnormal X chromosome with deletion of the distal bands XE and XF (7) . On the linkage map of the mouse X chromosome, the presumably structural gene for GALA (AgS) maps distal to the T16H breakpoint, as determined by pedigree studies using a mouse strain with a thermolabile GALA variant (12) . Genetic and cytological maps are in agreement if one assumes that the thermolabile variant and the bands of enzyme activity produced by somatic cell extracts are products of the same gene.
The structural gene for PGK-1 (Pgk-1) has also been mapped distal to the T16H breakpoint, but proximal to Ags, by genetic studies of a mouse strain with an electrophoretic PGK variant (11) . The linkage map position of G6pd is not known because no variants have been detected as yet. Regional assignments of these two loci by somatic cell genetics was not successful because we were unable to separate the mouse and Chinese hamster phenotypes for G6PD and PGK.
A major unsolved problem in gene mapping concerns the relationship between cytologic and genetic maps. In the mouse, the linkage map is extensive and detailed, and translocation breakpoints have been mapped by genetic studies. Correlation between linkage map position and cytologic position of translocation breakpoints has allowed the assignment of gene loci to specific chromosome bands (23) . On the basis of such a comparison, the genetic and cytologic maps for mouse chromosome 2 have been shown to be colinear (24) . The map distances between loci, however, are not expected to be proportional because chiasmata are nonrandomly distributed, their location being determined by size of the chromosome and interference by other chiasmata (25) . The genetic mapping of translocation breakpoints is complicated by changes in crossover frequency in the vicinity of the breakpoints. Therefore, regional mapping data derived independently from somatic cell hybrids segregating translocation chromosomes add valuable information of the correlation of both kinds of gene maps.
In Fig. 4 the regional assignments of genes on the long arm of the human X chromosome are shown in comparison to the regional assignments on the mouse X, as reported here, and to the mouse linkage map (26) . Whereas the gene order on the human X is cen-PGK-GALA-HPRT, in the mouse it is cenHprt-Pgk-1-Ags, assuming colinearity between genetic and cytological maps. These differences are not explained by a single inversion or shift of the centromere. A simple shift of the band containing Hprt seems unlikely in view of the differences in positions of the centromere and in banding patterns. Several steps of intrachromosomal rearrangements must have occurred during evolution separating mice and humans. One hypothesis involves at least two events: inversion of a large part of the X that moved the centromere and allowed the banding pattern to remain similar and a small shift or inversion that reversed the order of GALA and PGK.
An alternate hypothesis would be that the T(X;16)16H translocation was not a simple reciprocal exchange of terminal regions but rather involved interstitial segments. If Hprt were located in the terminal band XF4 (in analogy to the human HPRT in Xq28), it might have been incorporated into X'6 in case of an interstitial translocation. The gene order, in this case, would have been conserved. However, meiotic studies have strongly suggested the existence of a simple reciprocal exchange (16) , in agreement with impressions from mitotic chromosome banding studies (18, 19) . We, therefore, believe that our results provide evidence that the gene order of homologous enzyme loci, not closely linked on the X chromosome, is different in mice and humans. While evolutionary pressure has conserved the X syntenic group in mammals, restructuring within the X chromosome that led to changes in centromere positions, in banding patterns, and in gene order has occurred. More detailed studies are needed to determine whether there are limits to this permissiveness and whether there are favored patterns of intrachromosomal rearrangements in the evolution of mammalian X chromosomes.
